Introduction
The process of population ageing, defined as the systematic and long-term increase in the proportion of old persons 3 in a population, remains one of the most important challenges for society (United Nations 2015a). The importance of fertility and mortality as determinants of this process has dominated the discussion in demographic studies on population ageing. The role of international mobility in the changes in a population's age structure has received far less attention; meanwhile, migration is a growing global phenomenon (IOM 2008) .
In demographic terms, international migration affects a population directly by changing its size and age structure and indirectly by influencing the overall number of future births. While the former is instantaneous in nature, the latter has long-term and far-reaching consequences. In this study we show that international migration may exert an important long-term impact on populations and significantly affect the process of population ageing (Section 2). To this end, we extend the model of age-specific growth rates (Horiuchi and Preston 1988; Preston, Himes, and Eggers 1989) in order to allow for direct and indirect effects of immigration and emigration (Section 3). We present the application of this model to Poland (Section 4), a Central European country that is simultaneously experiencing extremely low fertility levels and high emigration rates, leading to an accelerated process of population ageing.
International migration and changes in the age structure
Fertility, mortality, and international migration are the direct determinants of changes in a population's age structure. While the effect of fertility is unequivocal and translates into shifts in the size of the youngest group, the effects of mortality and of migration are far more complex and largely depend on the age pattern of changes (Bourgeois-Pichat 1951; Coale 1956; Horiuchi and Preston 1988) . For instance, if international migrants are predominantly young workers their mobility contributes to population ageing in the origin country and, inversely, to population rejuvenation in the destination country. However, if the age distribution of migrants is more varied, as in the case of refugee flows, the final impact on populations' age structures remains equivocal (Vallin 2011) . Of the four fundamental demographic events used in the demographic analysis -birth, death, immigration, and emigration -only birth is inseparably related to (well-defined) age, whereas the remaining three can occur at any moment in life and at any age. Thus, although permanent emigration can be compared to death as another way of leaving a resident population (cf. Preston, Heuveline, and Guillot 2001) , the parallel between permanent immigration and birth as ways of entering a population is not so straightforward in the context of age structure changes.
There is a large body of research concerned with demographic determinants of population ageing. In the simplified, stylized model of demographic transition, 4 the initial rejuvenating effect of a decrease in the mortality of new-borns and older children (Chesnais 1986; Coale 1956; Hermalin 1966; Lorimer 1951; Notestein 1960; Sauvy 1954) is subsequently neutralized by a decline in fertility (Bourgeois-Pichat 1951; Dittgen 1992; Keyfitz 1968; Notestein 1960) . However, when fertility stabilizes at a low level the continuous reduction in mortality at adult and old ages becomes the driving force behind population ageing (Bengtsson and Scott 2010; Caselli and Vallin 1990; Horiuchi 1991; Preston, Himes, and Eggers 1989; Preston and Stokes 2012) . Each country and region has its own specific pattern of changing age structure, 5 but in general, in the countries most advanced in terms of human longevity, the process of population ageing is usually portrayed as transiting from fertility-dominated to mortality-dominated or, in terms of the population pyramid, from the bottom-oriented to the top-oriented. 6 In the body of research concerned with demographic determinants of population ageing the impact of international migration has been explored in a less systematic way. We find several reasons for this. First, geographical mobility is not a phenomenon endogenous to population reproduction, unlike natality or mortality. International migration is more dependent on economic conditions, the policies pursued by countries, and sociocultural factors than the components of natural increase. And as international mobility remains irrelevant to the human population as a whole at the global level, 7 it 4 Where mortality decline stems from improvement in sanitary conditions and as such precedes fertility decline. 5 Pool (2005 5 Pool ( , 2010 stresses the nonmonotonic and country-specific character of the process of population ageing, which he calls 'age-structural transition' and which results from fluctuations in birth rates and death rates; for instance, baby busts during wars and baby booms after cessation of warfare (see also Hermalin 1966) . 6 Lee and Zhou (2017) question this conclusion and stress the indirect effect of mortality decline, entailing a subsequent growth in births. 7 At least in quantitative terms. We elaborate on this more specifically in Section 3.
does not play a significant role in demographic studies that are concerned primarily with long-term, worldwide population processes and regularities. Second, long-term data on international migration is extremely rare, so most authors studying determinants of population ageing rely on net migration rates only (Caselli and Vallin 1990; Chen 2015; Moore and Pacey 2004; Murphy 2016a; Notestein 1960; Preston, Himes, and Eggers 1989) ; which, as we argue in the following section, is a simplification. What is more, in the above-quoted studies the net migration rates are not derived from statistical demographic data sources but constitute residuals between the size of age-specific population groups at two points in time, and the births and deaths registered in between those points in time. Third, in a globalising world migration is becoming increasingly intensive, temporary, and repetitive (Bauman 1998) , but official systems of registration fail to monitor diverse forms of international mobility, such as migration of a circular and short-lasting character. Last but not least, incorporating a rate of immigration into the model of age-specific growth rates may raise interpretational concerns, as it compares immigrants (in numerator) to a receiving population (in denominator), that is, to a population that they did not originate in. Thus, immigration is not a measure of the risk to which a receiving population is exposed (Horiuchi and Preston 1988) . Nevertheless, several studies that do allow for the effect of migration demonstrate that international mobility could both result from changes in a population's age structure and contribute to the process of population rejuvenation or ageing. On the one hand, in several studies the correlation between changes in natural increase rates and changes in emigration rates occurring 20-25 years later is found to be statistically significant and positive (Chesnais 1986; Easterlin 1961; Hatton and Williamson 1998; Kuznets 1930; Thomas 1954) . 8 Hatton and Williamson (1998) make the following point regarding causality: They show that a strong natural increase was one of the three most important driving factors behind 19 th -century European migration overseas, 9 and that the impact of this high population pressure was cumulative and long-term. The relationship between natural increase and international mobility ceased to hold true when military intervention and restrictive migration policies during the First World War effectively limited international migration in Europe and other Anglo-Saxon countries.
On the other hand, country-specific studies show that international migration occurring on a permanent basis can exert an impact on age structure because migrants are mostly young adults, 10 and their arrival/departure contributes to the 8 According to Chesnais (1986: 170) , Ravnholt (1937) was the first to observe this relationship, for Swedish migration overseas, but his paper does not include any quantitative argumentation (see also Easterlin 1961) . 9 A rise in natural increase of 1 percentage point entailed a rise in the emigration rate of 0.54 p.p. 20 years later. 10 This does not signify that old persons are immobile. In particular, the concept of 'retirement migration' describes mobility of affluent pensioners from highly developed countries who move abroad in search of a decrease/increase in shares of other population groups, including the share of old people (Field 2013) . Alho (2008) shows a rejuvenating effect of positive net migration in simulations based on the stable population model. An elevated net outflow is empirically identified as an accelerator of population ageing in Italy (Caselli and Vallin 1990) and Sweden (Murphy 2017) , whereas the excess of inflow over outflow tempered the rise in the share of old persons in France (Caselli and Vallin 1990; Dittgen 1992; Murphy 2017) . Similar conclusions are drawn for internal mobility in specific highly developed countries (Chen 2015; Moore and Pacey 2004) . Despite similar demographic tendencies -increasing longevity and below-replacement fertility -in European populations the ageing process was delayed (to some extent) by promoting the inflow of foreigners, as opposed to Japan, which remained relatively closed to international migrants (Lanzieri 2013) .
Thus, at first international migration accelerates the process of population ageing in the sending country, while in the receiving country it postpones this process.
11 In theory, the initial 'rejuvenating' effect expires if the age-specific rates of net migration remain constant in the long term or, the other way around, the rates of net migration need to increase incessantly in order to maintain a rejuvenating effect. In the long term it is not a particular level but rather changes in fertility, mortality, and migration that drive the process of ageing. 12 The recent projections of so-called replacement migration -that is, immigration that only counteracts the process of population ageing -prove that such inflows to the more developed countries would need to be unrealistically large, endangering the economic, social, and cultural coherence of receiving countries (United Nations 2001; see also Bijak et al. 2007; Bijak, Kupiszewska, and Kupiszewski 2008; Kupiszewski 2013) .
Most studies acknowledge that the role of international migration in changes in a population's age structure is minor (Bengtsson and Scott 2010; Caselli and Vallin 1990; Dittgen 1992; Goldstein 2009; Notestein 1960; Preston, Himes, and Eggers 1989; Murphy 2017) , primarily due to the fact that in quantitative terms, migration remains modest with respect to the overall population.
13 Sporadically, in specific circumstances an inflow from abroad can help to fill a generation gap, as in France, which lacked better quality of life (Gustafson 2013; King, Warnes, and Williams 2000) . The scale of this mobility is rather negligible, however. 11 This rule can also be inscribed into the stylised course of demographic transition. At its early stage, when the population is relatively young and emigration exceeds immigration, international mobility accelerates (at first) the process of ageing. At its late stage, when population age and immigration exceed emigration, international mobility delays (at first) the process of ageing. 12 In the European case, Murphy concludes that immigration "will accelerate population aging in the twentyfirst century if net migration does not continue the increasing trend of recent periods" (Murphy 2017: 274) . 13 There are some exceptions however. In West Asian countries such as Jordan, Kuwait, Qatar, Saudi Arabia, and the United Arab Emirates, all intensive labour immigration destinations, very recently (around 2015) the share of international migrants exceeded one third of the population (United Nations 2016).
thousands of young men in the 1920s as a result of the First World War. Immigration was identified as a means of increasing the number of men of reproductive age who could become spouses and fathers in France (Henry 1966) . Alternatively, from the perspective of the sending country, a massive and age-selective outflow can upset the quantitative ratios in the age structure, affecting the population's natality and demographic prospects. Identifying and measuring such long-term effects of mobility requires an advanced demographic method, and in the following we present such a model: an extended model of age-specific growth rates that allows for the impact of immigration, emigration, and concomitant changes in natality.
Theoretical model

The age-specific growth rates model
Demographic studies of the role of determinants of population ageing are based on methods using stable population models (Coale 1956 ), counterfactual projections comparing future populations under different theoretical scenarios (United Nations 2001 , 1956 , and, most recently, the model of age-specific growth rates (Horiuchi and Preston 1988; Preston, Himes, and Eggers 1989) .
14 The latter two seem similar, but the model of age-specific growth rates not only quantifies the impact of changes in fertility, mortality, and migration but also disentangles the indirect effects between these three components. The hitherto-used models were based on the net migration concept. In an extension to the model we replace the component of net migration with two separate elements related to immigration and emigration. 15 The concept of net migration does not refer to a real phenomenon and is treated as a convenient simplification when no detailed data on migration is available. Distinguishing between immigration and emigration is important, however, as they may have different impacts on the demographic structure. Arrivals and departures of persons of the same age and sex are not necessarily equivalent due to, inter alia, the relationship between migration and fertility.
16 If the studied country and the country of origin of potential migrants are at different stages of the demographic transition, outflow may concern individuals who are still before their childbearing years, while immigration may concern individuals who, although they are of the same age, are already past their 14 Based on the earlier work by Preston and Coale (1982) . See Murphy (2016b) for a comparison of these three methods. 15 Preston, Himes, and Eggers (1989) and Chen (2015) use a formal notation referring separately to inflow and outflow. In the empirical analyses, however, these authors rely on the concept of net migration. 16 See also footnote 20. childbearing stage and may have arrived in the host country without their children. In this case, although the population number and age composition at the time of migration does not change, the migration processes may impact the population structure in the future.
Therefore, drawing on the model of age-specific growth rates and distinguishing in-and outflows, we allow for such an indirect effect of international migration due to possible changes in the number of births; that is, 'additional' births due to the inflow of foreign females and 'loss' of would-be births due to the outflow of national females. In this approach the effect of migration is not limited to the cohorts of mobile persons but also quantifies the changes in natality occurring in the aftermath of migration.
Following the notation of Preston and Stokes (2012) and introducing two directions of migration flow, we refer to the number of persons aged x at last birthday at time t, denoted as N(x,t). We decompose the rate of growth of the number of persons aged x between times t and t + 1, r (x,t,t+1) , from the value N(x,t) to the value N(x,t+1) into:
+ ln
,
where ∂ r(x,t,t+1) denotes the rate of growth of the population aged x between times t and t+1, i.e., ln
; ∂ B(t-x) denotes the number of births during the year ending at time t− ; ∂ p(x, t-x) denotes the fraction of the cohort born during the year ending at time tx that survived till time ; ∂ o(x, t-x) denotes the factor by which the cohort born during the year ending at time t-x changed in size till time t due to outflow. The value 1 means no emigration, while values smaller than 1 signify emigration. Note that this fraction is applied to the population after having accounted for the survival factor; therefore, a value equal to 0.9 means that 90% of those who have survived till time t remained in the country of origin. ∂ i(x, t-x) denotes the factor by which the cohort born during the year ending at time t-x changed in size till time t due to inflow. The value 1 means no immigration, while values greater than 1 signify immigration. Note that this fraction is applied to the population after having accounted for both the survival and emigration factors. Therefore, a value of 1.1 means that the population increased by 10% with respect to the level observed after having accounted for deaths and outflow.
Due to the construction of the factor i, which is an 'immigrant addition' to the native population at any given point in time, 17 the mortality of immigrants is embedded in the i factor, and not in p (if an immigrant dies, this will affect the population count through a change in the value of i). Consequently, in the proposed model we do not need to make any assumptions regarding the survivorship of immigrants (specifically, within this framework they can either be the same as or different from the survivorship of natives). Technically, the effect of emigration is similar to that of mortality, except for the possibility of returning (from emigration) to the country of origin. However, we will treat return migration as a separate phenomenon: By convention, we assume that it is captured in the factor i, and not o. That is, if a person aged x emigrates at time t and then returns at time t+k (at age x+k), then all the factors o (x, t-x), o(x+1, t-x-1) , … will reflect the fact that there is one person less in the population, while the factors i (x+k, t-x-k) and further on will reflect the fact that immigration has been observed. If the same individual migrates again, the o (and i, in case of return) factors are affected again, similarly.
We will start our analysis of the effects of in-and outmigration by looking at the changes in the mean population age, A p , using a discrete version of the framework of Preston, Himes, and Eggers (1989) . As Murphy (2017) argues, although usually the median age is used as a single characteristic describing the progression of the process of ageing, the mean may also be used in this context, and permits factor decomposition. The changes in time of the mean age (the derivative with respect to time) of the population can be expressed as
where r(x, t) denotes the growth rate of the population aged x at time t, and c(x, t) denotes the proportion of the population that is aged x at time t. Noting from Equation 1 that the growth rate of the population may be decomposed into four rates of change related to births, mortality, in-migration, and out-migration, we may also decompose and rearrange Equation 2 to break down the changes in the mean age into components related to the four demographic factors. When identifying the effects of in-and outmigration for the process of ageing (as in the analysis for Poland in Section 4), in order 17 Note that changes in the values of o and i for the same cohort at different points in time need not reflect any real phenomena (outflow or inflow) occurring at the time, but may be due to purely algebraic considerations. To see this, let us assume that one migrant aged x arrives at time t to a native population sized N(x, t). In this case, the value of i(x, t) will become (1+N(x, t))/(N(x, t)). If, in the next period, one native aged x+1 dies or migrates, this same immigrant, now also aged x+1, will constitute a different proportional addition to the native population: x, t) . Therefore, the factors o and i should not be interpreted as traditional immigration and emigration rates.
to translate the derivative with respect to time to a discrete change between periods t and t+1 we will use an approximated formula, averaging the age structures for t and t+1. Equations 1 and 2 show the immediate effects of the four components on the rate of change of the population age structure and mean age. Since we also wish to isolate the effects of flows on future births (lost or gained), we will need to pay more attention to fertility. Let us assume, then, following Lee and Zhou (2017) , that the age-specific fertility (of females aged at time ) may be expressed as
where TFR(t) denotes the TFR at time t, while f 0 (x) describes the (time-invariant) age distribution of births. In reference to Lotka's equation for the number of births (Sharpe and Lotka 1911) , the total number of births from women aged [ , ] during the year ending at time t may then be expressed as
In order to better visualize the effects of migration (without the need to treat male and female populations separately), in writing the equation above we have assumed that mortality and migration rates are equal for men and women and that the ratio of female births is equal to 0.5. However, since migration rates for men and women are significantly different we need to apply an alternative formulation and interpretation: instead of TFR(t) in Equation 3, in what follows we will use the gross reproduction rate (GRR) at time t (denoted F(t)), and treat all the proposed formulae in the model as referring to the female (or male) population only (Lee and Zhou 2017) .
The indirect effect of emigration
If emigration occurs, the outflow yields both a direct and an indirect effect on the age structure of the population. As for the former, if emigration occurs the number of individuals in a population diminishes by the number of those who left. As for the latter, if the emigrant is a female who is not past childbearing age, she will not give birth to any more children in the country of origin, which she may have done if she had stayed at home. In such a case, the difference between the population sizes in the case of no emigration and of emigration consists also of the number of children of the emigrant woman who were not born in the sending country. Under a simplistic assumption (that we propose in this section only) that there is no immigration (i.e., that i=1 for all age groups) and that emigrants would have had the same fertility rates if they had stayed in the country of origin, 18 the difference in the number of children born by all females (aged [ , ] ) during the year ending at time t amounts to
Therefore, the age structure of the population in a scenario of no migration differs from the age structure of the population in the presence of emigration not only by the factor o but also due to the fact that the number of childre n born to w omen of childbearing age is smaller, which subsequently affects the future population age structure. For example, looking at the difference in the number of individuals aged x at time t for the two scenarios, we have that the population aged x at time t is smaller by
than the hypothetical population in the case of no migration due to the lack of births by emigrant females, and by
overall -due to both the direct effect of emigration and the effect of no births from female emigrants. The emigration of a woman who is not past her childbearing age (α) at the time of migration will lead to an indirect effect lasting perpetually: The number of births in the next generation will be smaller by B o s, which (keeping all other components constant) will also lead to less births in the following generation, and so on. If a migrant who left the country before completing her childbearing period returns to the country of origin (for instance, for retirement), the return may cancel out the direct loss effect of emigration, but unless the migrant returns with all her children born abroad and their descendants, 19 the indirect effect of emigration will still be observable in the population. 18 Which may not always be the case (see also footnote 20). However, it is impossible to study what migrants would do (in terms of their family patterns) if they were not migrants. 19 Following Lee and Zhou's approach (2017), we allow only for emigrant females in quantifying the number of potential births. This may be a source of interpretative problems in empirical analyses, because the indirect effect accounts for descendants of female migrants (even in mixed couples), but not for descendants of male migrants.
The indirect effect of immigration
Immigration works in the opposite direction: The population size and structure in the immigration scenario changes with respect to the population size and structure in the no-immigration scenario, both as a direct consequence of the inflow of immigrants and due to the fact that immigrants will have children in the destination country. We may write that the number of immigrants (aged x at time t, denoted I(x,t) ) is equal to the total population size (aged x at time t) m i nus t he s ame po p ula tio n i n t he c as e o f no immigration, i.e., 
Let us now assume that the fertility pattern for immigrants is such that the agespecific fertility (of immigrants aged x at time t) may be expressed as
where, just like for the native population, F i (t) denotes the GRR of immigrants at time t, while f 0i (x) denotes the (time-invariant) age distribution of births. In this case, the total number of children born of immigrants is equal to
This signifies that the difference in the population (aged x at time t) sizes in the cases of immigration and no immigration, including children born of immigrants, may be expressed as:
where we assume that children born of immigrants have the same mortality and emigration patterns as the native population. In the special case where immigrants' fertility patterns also (instantaneously upon immigration) become identical to those observed in the native population, 20 we can 20 Immigrants tend to adjust their fertility patterns to those registered in the receiving countries in a relatively rapid manner, even if they originate in less developed and high-fertility societies (cf. Bengtsson and Scott 2011; Milewski 2010; Mussino and Strozza 2012; Sobotka 2008) . The duration of such assimilation largely depends on the age at migration, ethnic origin, process of naturalization, and other factors. The case of migrants coming from Poland, a country of extremely low fertility, to the United Kingdom shows that write that the difference in the population size in the cases of immigration and no immigration is equal to 
This signifies that when researching the effect of past immigration on the population structure in the destination country at a given point in time, it is necessary to trace back the inflow until the arrival of the very first immigrant (not past childbearing age) and allow for all descendants of immigrants. 21 The objective here is not to classify the descendants of immigrants (of the second, third, etc. generation) as immigrants, but to show how the population changes its size and age structure in the aftermath of immigration. Likewise, and similarly to the emigration scenario (Equations 7 and 12 work similarly), if one wishes to study the effect of present immigration on future population developments, unless all migrants arriving are already past their childbearing age (which may happen in the case of retirement return migration, for example), the effect of any immigration instance will last perpetually through the indirect channel of additional births observed.
Quantifying the direct and indirect effects for Poland
Low fertility coinciding with intensified emigration
While Western Europe remains the most advanced region globally in terms of demographic ageing (United Nations, 2015b), for many years this process was distorted immigrants' fertility levels may also adapt upwards (Gołata 2016) . Moreover, migration and subsequent family formation may be interrelated, especially if migration takes place due to fertility or reunion motives. 21 Under the assumption that this (sub)population grows afterwards just like the native population; that is, that the intensity of births, deaths, and international mobility equals the intensity registered for native nationals. This assumption may certainly be lifted in more complex studies based on surveys concerned with the fertility and mortality patterns of immigrants and their descendants (at least the second generation).
in Central and Eastern Europe (CEE) countries. The adult and old age mortality did not decline systematically under communist regimes, as it did in the West, 22 and relatively high levels of natality and fertility persisted until the mid-1980s (Kotowska et al. 2008) . Nonetheless, the emergence and prevalence of the lowest-low fertility (Kohler, Billari, and Ortega 2002) in CEE is expected to considerably intensify the process of demographic ageing. Poland, demographically the largest postcommunist country in the European Union (EU), serves as a good example: With the officially registered total fertility rate 23 (GUS 2016) . At the same time, the inflow and settlement of foreigners in Poland, especially Ukrainian nationals, has increased constantly since the fall of communism (Drbohlav 22 Several synthetic and comprehensive analyses have been devoted to the so-called health crisis in the communist countries, resulting mostly from inefficiency in preventing and treating cardiovascular diseases (Meslé 1991 (Meslé , 2004 Shkolnikov, Meslé, and Vallin 1996; Valkonen 1993; Vallin and Lopez 1985; Vallin and Meslé 2001) . 23 It should be emphasised that official TFR estimates do not allow for a massive, long-term emigration taking place without deregistering from the place of permanent residence in Poland. As emigration mostly involves persons in the childbearing age bracket, the denominator of the TFR is therefore overestimated and the rate itself underestimated. Thus, the official statistics are probably understated by approximately 0.16-0.18 (Gołata 2016) . 24 The Czech Republic, Estonia, Hungary, Latvia, Lithuania, Slovakia, and Slovenia. 25 Deregistered from the place of permanent residence in Poland, which is neither obligatory nor enforceable. The official estimates of Poland's population presented by the Central Statistical Office of Poland (CSO) and reproduced by Eurostat to a large extent include emigrants who have not deregistered from their place of permanent residence in Poland, yet as most of them stay abroad for at least one year (GUS 2016) , in accordance with the definition of the United Nations (1998) they should be viewed as long-term emigrants. 2012). In quantitative terms, however, settlement immigration has remained marginal 26 and for decades Poland has been registering a negative net migration rate.
Data used in the model
The analysis based on the model of age-specific growth rates, as illustrated by Equations 4 and 5, requires information on fertility, mortality, and international migration occurring in the past, from the moment the oldest living persons were born. This poses serious methodological problems for many countries and for Poland in particular, as due to large population loss, displacement, and lack of any system of registration during the Second World War (Gawryszewski 2005) there is no precise data linking the population before 1939 with that after 1945. In the first years after 1945 the territory of Poland was still inhabited by German citizens, while thousands of Polish citizens lived in territories incorporated into the Soviet Union. Given these problems, we limit our analysis to persons who survived the Second World War and were registered in the 1950 Polish population census. We reconstruct this subpopulation backwards for the period 1920-1949, using the intensity of births, deaths, and international migration registered for the general population before 1950, hereby assuming in a simplistic manner that this intensity was homogenous for all population groups in prewar Poland.
For the period 1980-2015 we account for long-term 27 emigration and immigration based on different sources. First of all, we include persons who registered a change in residential status in Poland. 28 For persons who did not, on the basis of Sakson (2002, see Appendix 1 for details) and population censuses (1988 GUS 2003 GUS , 2013 we approximate migration flows (inflows and outflows) for each year between 1980 and 2011 according to information on migrants' age, sex, and year of arrival/departure registered in the most recent population census conducted in 2011. 29 Consequently, we account for emigrants who at the time of 2011 population census were abroad, and for immigrants who at the time of 2011 population census were in Poland, but not for all migrants changing their place of residence in the intercensal 26 In 2011 the share of the foreign population was as low as 0.1%, and of the foreign-born population (including persons born before the Second World War in territories that no longer belong to Poland) 1.8% (OECD 2013) . 27 Lasting at least one year. 28 An individual who deregistered from a permanent stay in Poland, went abroad, and ultimately returned, adds to the outflow (in the year of departure) and the inflow (in the year of return arrival). 29 The 2011 census provides information on departures and arrivals occurring before the precedent census (in 2002). Therefore, we are able to approximate the flows not only for the intercensal period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) but also for earlier years.
years. This underestimates to some extent the scale of mobility.
30 Nevertheless, our approximations of emigration for the period 1980-2010 are considerably higher than the data published by the Central Statistical Office (CSO) regarding deregistrations from the place of permanent residence in Poland (Figure 1 ) and are comparable with other results on flows (Wiśniowski 2017) and stocks (Gołata 2012; GUS 2016) . For the years 2011-2015 we use Eurostat data (2017) that seems to be corrected to account for the long-term emigration and immigration that occurs without deregistering from/registering for permanent residence in Poland. 2 Both those who deregistered and those who did not deregister from the place of permanent residence in Poland. The number of registered emigrants comes from the population register; the number of unregistered emigrants was approximated on the basis of Sakson (2002) and population censuses and includes persons who did not return to Poland before 2011; the number of immigrants includes data from the population register and approximations based on the population censuses. Source: Own estimates based on GUS (2003, 2013, 2014) and Sakson (2002) .
Results
Our approximations indicate that the resident population of Poland decreased from 38 million in 1995 to 36.3 million in 2015.
32 Two main factors were responsible for the process of depopulation: the decreasing number of births and intensive emigration since the beginning of the 1980s. Indeed, if the level and age pattern of fertility had remained constant since [1985] [1986] [1987] [1988] [1989] 33 and emigration occurred as it did, the size of the resident population would have increased to almost 40.9 million in 2015; similarly, if no emigration had taken place since 1980 (and descendants of emigrants remained in Poland) but the fertility changed as it did, the resident population as of 2015 would stand at almost 41.2 million. However, both of these assumptions seem unrealistic. As for the former, high and relatively early fertility appears to be poorly adapted to contemporary conditions of a highly competitive market economy, postmodern society, and -in the case of Poland -reduction of state assistance for families (Kotowska et al. 2008) . As for the latter, the large demographic potential and considerable differences in wage levels between Poland and Western European countries were recognized as important factors stimulating the mobility of Polish nationals (cf. Bruecker et al. 2009 ).
The adopted framework allows us to study and decompose the growth rates for age-specific groups and the mean age into the four population components of demographic change. By convention, and similarly to other authors (cf. Caselli and Vallin 1990; Horiuchi 1991; Preston and Stokes 2012) , we present the results for the most recent period, that is, for 2015 as compared to 2010. Considerable changes in the size of age-specific groups (Figure 2a ) are due to the baby bust during the Second World War (i.e., for the age group 70-74), the baby boom taking place after the cessation of hostilities and lasting until around 1958, and the subsequent succession of baby busts and booms that echoed the postwar trends in natality until the most recent years (Figure 2b ). The decomposition of age-specific growth rates into the four components of population change shows that fluctuation in fertility indeed explains most of the variation in the age-specific growth rates. The improvement in survival, in general, contributes to the increase in the number of persons in the old age group but not in all age groups. The so-called health crisis in Poland (1965 Poland ( -1990 ) may help explain this ambiguous effect of mortality. In this period adult male mortality increased, adult female mortality stagnated, and unfavourable health tendencies were recorded for all cohorts and age groups. 34 The impact of international migration 35 remains less significant than that of fertility and mortality, with immigration contributing to the 32 All estimates as of January 1 st . 33 The TFR was on average 2.18, whereas the mean age at birth was below 26 years. 34 See footnote 22 for selected references. 35 The indirect effect of international migration is not included here.
increase in the number of persons aged 25-44, and emigration contributing to the decrease in the number of persons aged 5-19 and 30-64. For the 10-19 and 30-44 age groups, emigration counteracts to some extent the positive effect of fertility: Even though the number of persons in these age groups increased due to high natality during baby booms, the resultant growth rate was reduced due to the emigration of these individuals.
Figure 2:
Annual age-specific growth rates, aggregate and by four components of demographic change, Poland 2010-2015
Source: Own estimates.
The increase in the number of persons aged 65 and over (both sexes together) equalled 3.5% annually during the period 2010-2015 and was principally driven by the improvement in mortality, which was responsible for 2.8 percentage points of this growth.
The mean age, another indicator of the process of population ageing, increased by 1.48 years for females (from 41.57 to 42.92) and the decline in mortality accounted for the majority of the overall change -approximately 0.80 years. The decline in the number of births was slightly less important and accounted for approximately 0.71 years in the change. The direct effects of migration flows on the average age were much smaller: Emigration led to an increase of approximately 0.04 years, while immigration rejuvenated the population by approximately 0.09 years (Figure 3) . For males the order of importance of the first two factors is reversed: Differences in the number of births accounted for the larger part of the change between 2010 and 2015 (0.74 years out of 1.38), while differences in mortality accounted for 0.62 years. Again, the effect of migration flows appeared marginal (0.06 years and 0.03 years for inflow and outflow, respectively) and smaller than the change that could not be attributed to either of the factors.
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Although during the last decades the outflow from Poland has been much more intensive than the inflow, the impact of immigration on the change in the average age of the population between 2010 and 2015 is more noticeable than the effects of emigration. This is a consequence of the fact that inflow (of predominantly mobile-aged individuals) on a large scale was only observed in more recent years, notably in the period 2010-2014. This had an instantaneous rejuvenating effect on the age structure of the population. Meanwhile, there has been emigration for a much longer period and its effect can be seen not only instantaneously upon departure but also in the long-term perspective. In particular, after those who left reach the mean age of the origin population, the effect of their absence rejuvenates the population of origin. If emigration flows persist, these two effects in the population -ageing due to recent emigration of the young and rejuvenation due to the absence of those who migrated a long time ago -offset each other, leading to smaller 'net' changes attributable to emigration. In general, the mean age aggregates all age-specific effects (of mortality and international migration) into one net value and therefore does not constitute a good enough indicator of the process of ageing for this kind of analyses. No single measure reveals and disentangles all age-specific effects, and analysing age-specific growth rates seems the most accurate research strategy. The decomposition presented above refers only to the direct effects of inflow and outflow. Meanwhile, as we have discussed in the previous sections, migration also affects the number of births in the years that follow. In fact, the most recent outflow, occurring since the Polish accession to the EU, appears to be highly selective with regard to age, involving mostly young adults aged 18-34 at the moment of departure (GUS 2013) . Other approximations indicate that due to the emigration taking place between 2004 and the end of 2006, the loss in the 20-29 age group reached 9% overall and, in selected, more specifically defined subpopulations (i.e., dwellers of small cities aged 25-29) as much as 20% (Okólski and Kaczmarczyk 2008 ). This in turn signifies that, apart from the direct effects of emigration, structural indirect effects related to 'lacking' births are significant, as the mobile cohorts are also those for which fertility levels are the highest. According to our approximations, the number of births missing due to the long-term 37 emigration of Poles 38 since 1980 reached 709,000 during the period 1980-2014 (681,000 children and 28,000 grandchildren, Figure 4 ), amounting to 4% of all births registered during that period in Poland. The most pronounced 'loss' of births was in the most recent period, 2005-2014, and equals 394,000, which is 10% of all births registered in Poland during that time. For at least 12 months, both those who deregistered and those who did not deregister from the place of permanent residence in Poland (but did not return before 2011). Source: Own estimates based on GUS (2014, 2013, 2003) and Sakson (2002) .
Intensive outflow contributes to the process of ageing in Poland. The share of old persons was 16.0% in 2015, and it would be lower, 15.2% or 14.9%, if emigrants or emigrants and their descendants, respectively, had stayed in Poland after 1980 ( Figure  5 ). Similarly, under the assumption of zero emigration since 1980, the old-age dependency ratio would equal 21.1 per 100 persons aged 15-64 instead of the actual figure of 23.7 (Figure 6 ). The indirect effect gained importance after 2004, when emigration started to involve mostly persons at the age of highest fertility. If the scale of emigration from Poland decreases the indirect effect will also dominate in the future, when the cumulative number of would-be descendants will start to outnumber the number of emigrants themselves. We can observe this regularity indirectly when comparing the size of age-specific groups of the resident population of Poland in 2015, under the assumption of no outflow since 1980 and the actual figures (Figure 7 ). The greatest difference applies to the youngest population groups, for which the indirect effect outweighs the direct effect. Source: Own estimates.
Conclusions and discussion
In a stylized demographic transition model, international migration exerts a less significant impact on the changes in a population's age structure than fertility and mortality. For this reason, and also due to serious methodological problems with tracking and quantifying international mobility, immigration and emigration have not been examined separately in studies based on the age-specific growth model. Nonetheless, the scale of international mobility has increased at the global level, which may affect selected populations experiencing sudden and massive flows of people. Using the age-specific growth model, we show that changes in the size of certain age groups result not only directly from international migration but also through the indirect channel of migrants' descendants. We applied the modified age-specific growth model to the population of Poland. Despite the massive scale of emigration, its direct impact on the population's age structure appeared instantaneous in nature, inconsiderable, and visibly smaller than that of fertility or mortality. This result is in line with studies concerned with international flows in other countries and in other times. Nonetheless, it becomes evident that the impact of outflow will be reinforced in the future due to the indirect effect of 'missing' births and the decline in the size of future cohorts. Therefore, it is the indirect effect that should become the main subject of analyses concerned with international migration in the context of population ageing. Our analysis for Poland focuses mostly on the impact of emigration, but the formal approach that we propose can be applied to countries experiencing considerable inflows on a permanent basis (now or in the past).
Our approach omits the question of causality between international migration and fertility or mortality. Meanwhile, at the macro level, emigration may result from high population pressure in the countries of origin. Also, the process of population ageing may lead to severe labour shortages in selected economic sectors, stimulating inflow of foreign workers (OECD 2007) . The interrelation between international mobility and changes in the age structure is also observed at the micro level. This signifies that to some extent the identified (direct) migration effects may also be treated as indirect effects of past mortality and fertility changes.
In our empirical analysis we assume that emigrants constitute a homogenous group, which, if it remained in the country of origin, would be characterized by the same levels of fertility and mortality as the Polish population. Such a simplistic assumption is acceptable but unnecessary, especially in an analysis focused on immigration. The model of age-specific growth rates allows for quantifying the impact of immigration under the assumption that immigrants or selected groups of immigrants have their own patterns of fertility and mortality, and their demographic behaviours change due to migration. This flexibility would also allow studying indirect effects of migration on fertility, but unfortunately the necessary data on fertility and mortality of migrants are unavailable for Poland.
An extension of the proposed framework would also allow studying indirect effects between emigration and immigration, and in particular return migration. In general, the propensity to return decreases with time (OECD 2008) . If this also applies to the most recent wave of emigration from Poland, and given the fact that the scale of return migration hitherto has been relatively low (Anacka and Fihel 2012; GrabowskaLusinska and Okólski 2009 ), a large (and increasing) part of the outflow from Poland seems to be of a permanent nature (Janicka and Kaczmarczyk 2016) . Even if some emigrants decide to return to Poland in the following decades (in particular, for retirement), their descendants will most probably remain abroad. This means that the recent emigration wave from Poland may both contribute to reducing the size of future young cohorts and to increasing the size of older cohorts, systematically accelerating the process of ageing through both of these indirect effects.
All in all, the proposed formal model, which decomposes the effect of migration into separate effects of inflow and outflow and allows studying the indirect effects of these phenomena, seems an important step in correctly quantifying the effect of mobility on population structure and ageing.
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by the CSO of Poland, based on the results of Polish population registers, receiving countries' statistics, and labour force surveys (GUS 2016) , show that the number of persons remaining abroad increased from 1 million in May 2004 (counting stays of at least two months) to 2 million at the end of 2010 (stays of at least three months), and 2,515,000 at the end of 2016 (stays of at least three months). According to these estimates, the majority of migrants (80%) are long-term, staying abroad for at least 12 months. The OECD (2012, 2015) presents similar emigration dynamics, although it refers only to the stock of Polish-born emigrants living abroad, which is estimated to have increased from 2,393,000 in The procedure applied to approximate the scale of immigration (inflow of foreign citizens), based on population censuses, was the same as in the case of emigration. The population census of 2011 underestimates the scale of inflow, revealing the presence of only 55,400 foreign citizens in Poland. This result is reproduced in the Eurostat Population database and the OECD International Migration database. Unfortunately, no other source of data seems to reflect the scale of immigration in a reliable way. The Labour Force Survey shows that in 2011 more than 40,000 foreign citizens aged 15 and over were living in Poland. According to official registers, as of 31 December 2010 97,000 foreign citizens held valid permits of stay in Poland (of all kinds), mostly permits to settle (almost 48,000) or for a fixed period (over 37,000, Kaczmarczyk 2015) . This source of information does not reflect the true stock of immigrants living in Poland either, and should be reinforced by administrative data from the main sending countries (Ukraine in particular). But if we assume that the last mentioned source does reflect the true scale of permanent immigration, being approximately 76% higher than the numbers from the 2011 population census, this would have some impact on our calculations. Higher immigration would appear to postpone the process of ageing: The mean age of the population (both sexes combined) between 2010 and 2015 would increase by 1.38 years instead of 1.42 years, and the contribution of immigration would be -0.11 years instead of -0.07 years. If we focus on immigration only the result is indeed visibly different, but if we keep in mind the overall role of the four demographic factors of population ageing the primary significance of natality and mortality remains unquestionable.
Nonetheless, long-term immigration to Poland is generally considered to remain at a relatively low level, while the vast majority of inflow takes place on a short-term basis. Although short-term immigration has intensified in the most recent years (since 2008), mostly due to the simplification of administrative procedures for employing short-term labour migrants from Eastern countries (Armenia, Belarus, Georgia, Moldova, the Russian Federation, and Ukraine), we ignore it, as short-term mobility does not exert a long-term impact on population ageing.
